In the reciprocating labyrinth piston compressor, the characteristic of the internal leakage is crucial for the leakage management and performance improvement of the compressor. However, most of the published studies investigated the rotor-stator system, and those who study the reciprocating piston-cylinder system basically focus on the effects of the geometrical parameters. ese conclusions could not directly be applied to predict the real-time leakage flow rate through the labyrinth seal because of the fast reciprocating motion of the piston, which will cause continually pressure change in two compression chambers, and then the pressure fluctuation will affect the flow through the labyrinth seal. A transient simulation model employing the multiscale dynamic mesh, which considers the effect of the reciprocating motion of the piston in the cylinder, is established to identify the characteristics of the internal leakage. is model was verified by a specially designed compressor, and the influence of various parameters was analyzed in detail. e sealing performance decreased linearly with the increase in the pressure ratio, and higher pressure inlet leads to higher leakage flow under the same pressure ratio. e labyrinth seal performance positively correlated to the increase of the rotational speed. Leakage characteristics of five working mediums were carried out, and the results indicated that the relative leakage decreased with an increase in the relative molecular mass. From this study, the realistic internal leakage flow rate under different operating parameters in the reciprocating labyrinth piston compressor could be predicated.
Introduction
e labyrinth seal is contact-free, thus allowing the compression of high-purity gases.
is characteristic also eliminates lubrication oil expenses and inefficiencies from bearings, a crankshaft system, and gearbox [1] . Optimizing the labyrinth-reciprocating compressor will facilitate utilization of the labyrinth seal in more conditions; thus, the study of the effect of labyrinth cavity structure parameters and operation parameters on sealing performance is of great significance.
Many researchers [2] [3] [4] [5] [6] have explored the method of calculating labyrinth seal flow. Currently, the main research methods for labyrinth leakage are the thermodynamic theory analysis, numerical analysis method, leakage measurements, and flow visualization method. However, many of these studies investigated the mechanism in rotary machinery [7] [8] [9] [10] [11] [12] [13] [14] . Kim and Cha [15] combined the method of CFD and theory analysis to study the flow pattern within the labyrinth seal and discussed the effect of structural arrangement and pressure ratio on sealing efficiency. ey discovered that the efficiency of the stepped labyrinth seal increased when labyrinth clearance increased. Zhao et al. [16] investigated the effect of the cavity structure parameters on the leakage rate. Bozzi et al. [17] presented a detailed analysis and discussion on heat transfer in the labyrinth seal.
In the labyrinth-reciprocating compressor, annular labyrinth grooves were machined around the piston, so the labyrinth channel formed between the piston and cylinder wall. Figure 1 is the sectional view of a double-acting labyrinth-reciprocating compressor. A guide ring is required in the labyrinth compressor to keep the piston moving vertically in the cylinder. e motion of the reciprocating piston is not like that in a rotary machine. ough the mechanisms of the labyrinth seal in a turbomachine are similar in a reciprocating piston compressor, the movement of the piston will affect the flow field in the labyrinth seal and some optimized design, such as the stepped labyrinth, cannot be applied in the reciprocating compressor.
With respect to the labyrinth piston machine, Cheng et al. [18, 19] introduced a new electromagnetic centering system replacing the traditional supporting structure to precisely center the piston and proposed a new numerical method to study the piston's dynamic behavior. Tang et al. [20] simulated the effect of the labyrinth seal characteristics, including tooth angle, sealing clearance, and cavity depth. Schaller et al. [21] and Feng et al. [22] numerically and experimentally investigated the effects of the geometrical parameters and shapes of labyrinth seals on the sealing performance. Graunke and Ronnert [23] researched the dynamic behavior inside the labyrinth compressor and discovered that labyrinth leakage correlated proportionally to the clearance, rotational speed, and pressure difference; however, the leakage was only minimally progressive with the eccentricity.
Because of the reciprocating motion of the piston, the pressure on each side of the labyrinth seal is dynamically changing, but the dynamic simulation research on the labyrinth-reciprocating compressor is still limited currently and needs further development. In this study, to simulate the actual movement of the reciprocating piston labyrinth compressor, a CFD model with multiscale dynamic mesh was applied. e mechanism of the labyrinth seal flow field was studied, and the effects of operating parameters such as pressure, rotational speed, clearance volume, and working medium on sealing performance in the reciprocating labyrinth piston compressor were presented based on the transient simulation results.
Physical Model and Experimental System
For the purpose of understanding the effect of the moving piston to the pressure and velocity field, the transient motion of piston has to been performed, so the transient-state CFD method was adopted.
Firstly, the two-dimensional (2D) simulation and three-dimensional (3D) simulation were compared. e grid generation method and the numerical approaches were all the same. e maximum difference between these two models was 1.7% for the leakage mass flow rate, which is the character that mostly concerned in this study. e simulation speed of the 2D model was 126 times faster than that of the 3D model. When finishing one reciprocating period, a 2D model would save more than two weeks' time. us, the 2D model was adopted in this study as it can also accurately identify the characteristics of the flow field when taking no account of the eccentric and incline of the piston.
e details of this model were presented as follows.
Physical Model and Dynamic Mesh.
e simplified physical model is shown in Figure 2 . e piston rod occupies limited volume in the compression cavity with an insignificant impact on the performance of labyrinth seal, and the existence of the piston rod will divide the bottom compression chamber into two independent closed areas, which will mislead the pressure formation process in the compression chamber, so the piston rod was not included in this model. e flow area of the valve and the valve clearance were converted to the 2D model based on the rule of keeping the same mass flow rate as that in the real compressor. Ring valves were applied in this model, which will open when the actual exhaust and inlet pressures were higher than the theoretic exhaust and inlet pressures, respectively.
In the labyrinth compressor model, various parts have magnitude differences in scale. e labyrinth clearance, the narrowest channel, is 0.15 mm, and the valve flow area, that is the valve opening height in this model, is 1.40 mm. e larger structures, such as the compression chambers in the top and the bottom, have a length and width of approximately 150 mm. e height of the suction and discharge valve chambers is approximately 400 mm. us, meshes were installed, respectively, in different parts and then combined together to accurately model the whole flow field, as shown in Figure 2 . e division of each part and the setting of mesh type referred to our former study [22] . Triangle meshes were generated in labyrinth seal to fit the cavity shape and the meshes in other zones were quadrangular meshes. Mesh independence is also carried out to achieve a balance between discretion error and calculation time. e mass flow rate and pressure distribution are used as references to check mesh independence. When the mesh scales were set to 0.20 mm for the labyrinth channel, it is suitable for presenting the flow characteristic. e mesh sizes for other parts were set according to the dimension ratio to the labyrinth seal and the data transmission possibility through the interface. e grid height for the valve area, the two compression chambers, the air valve clearance volume, and the intake and exhaust chamber was set to 0.50 mm, 1.00 mm, 1.00 mm, and 5.00 mm, respectively. e grid in the seal was set to move up and down accordingly with the piston in the cylinder, and their shapes and sizes remained unchanged. e grid in the top and 2 Mathematical Problems in Engineering bottom of the compression chamber was updated by the method of layering.
Numerical Methodology.
e Reynolds-Averaged Navier-Stokes equations were employed to solve the transient flow in the computational domain. e effect of turbulence is considered using realizable k − ε model, which was proved to be more suitable to simulate the flow field which contains swirl flow [24] . Flow near the wall was treated with standard wall functions. e movement of the piston is calculated according to the following equation:
(1)
Boundary conditions were set in combination with the actual conditions. e atmospheric pressure was set to the intake pressure, 0.1 MPa, with a turbulence intensity of 5%. e exhaust pressure was set according to different pressure ratios (ε). e temperature at the intake side, equal to the environment temperature, is 300 K. e outer wall of the cylinder directly contacted the cooling water, which circulated timely and can quickly remove heat from the cylinder wall, so the outside cylinder wall was set to 300 K, equal to the temperature of the cooling water, and the high-pressure outlet temperature was based on practical experience, typically 300 K to 330 K with a compression ratio of 3 to 8. e equations were solved by employing the Pressure Implicit with Splitting of Operators (PISO). e secondorder scheme was used for pressure discretization, and the QUICK scheme was applied for momentum discretization. e time step was chosen as the length of time that the crank rotates 0.25°, so the time step varied between each case with different rotational speed.
Convergence Criterion.
For the case of the pressure ratio of 2.5, three periods were calculated, and the air intake condition was at ambient pressure and room temperature (300 K). e maximum pressure in the top compression chamber was recorded, and as illustrated in Figure 3 , the maximum relative error of the pressure was less than 1% in the first three working processes. e periodic pressure field demonstrated the convergence of the calculation. Figure 4 shows the p-v diagram of the simulation results for the fourth working period. e simulated exhaust pressure was approximately 10% higher than the theoretical exhaust pressure (0.25 MPa), and the simulated inlet pressure was approximately 10% lower than the inlet pressure of the atmosphere (0.10 MPa). e results are reasonable for the working principle of the valves.
Experimental Setup

Experimental System.
e leakage flow rate through the labyrinth piston in the double-acting compressor could hardly be measured in the experiment; thus, a special singleacting compressor ( Figure 5 ) was designed. Gas was sucked through the suction valve and compressed in the bottom annular chamber by the compression piston. e compressed gas will then be discharged to the exhaust gas tank through the bottom discharge valve. In the compression process, the high-pressure gas will leak through the labyrinth seal between the labyrinth piston and cylinder wall and flow to the top chamber, which was linked directly to the gasholder. e nozzle flow meter was installed after the gas tank to measure the mass flow of the gas leakage. e dynamic pressure in the compression cylinder was measured by a dynamic pressure sensor and was collected through the pressure acquisition system. Figure 6 displays the labyrinth compressor dynamic test system, and Figure 7 shows the labyrinth compressor dynamic test bench, including inverter, motor, labyrinth compressor, storage tank, nozzle flow meter, and pressure acquisition system. An inverter controlled the rotational speed of the labyrinth compressor, and a valve behind the exhaust tank regulated the exhaust pressure.
Error Analysis.
In this experiment, the flow measurement errors mainly come from the following aspects:
Suction temperature error μ 1 : the TM-902-c thermometer was adopted to measure the compressor suction temperature, in which the sensor is a K-thermocouple. e measuring range is − 50°C∼1300°C, and the accuracy is 0.75% (°C − 1 at 0°C∼500°C). Nozzle pressure difference error μ 2 : for the water pressure differential gauge, whose accuracy is ±10 Pa (or 1 mm), when the measured values Δp > 10 4 Pa, the nozzle pressure difference uncertainty error is 0.1%. Nozzle upstream gas temperature error μ 3 : for the glass rod mercury thermometer, whose temperature range is − 50°C∼1300°C, the scale is 0.5, if checked effectively, and using correctly, the absolute uncertainty of measurement value is 1.0°C.
is experiment got the minimum temperature of 20.9°C, and the uncertainty of error is as follows:
us, in this study, the uncertainty of the leakage measurement is as follows:
Results and Discussion
Experimental Validation.
In this research, the relative leakage coefficient, α, is defined as follows:
where m 0 represents the total mass of the theoretical compressed gas in a piston reciprocating cycle. m 0 can be calculated as
m s means the total mass of the realistic compressed gas in a piston reciprocating cycle, which is obtained from the simulation. m s can be calculated as
In this experimental study, α was used as the evaluation of the relative sealing performance, and a lower α indicates a higher labyrinth seal effect.
e test bench simulation model was set up, and all simulation methods and settings were identical to the double-acting compressor. Figures 8(a) and 8(b) display the experimental and simulation results by varying the pressure ratio and compressor rotational speed, respectively, with air as the working medium and all other conditions the same. e relative leakage coefficient from the experiments and α from the simulation have a similar changing trend with the variation of the pressure ratio and rotational speed. e difference between the simulation and experimental results peaked at 13.13% and 14.13% as the pressure ratio and rotational speed varied, respectively. Figure 9 displays the results with a working medium of carbon dioxide. Similar to the results with air as the working medium, as the compression ratio increased, the results of the experiment and simulation showed a proportional increasing trend with the maximum deviation of 4.8%. e leakage in the experiment and simulation decreased as the rotational speed increased with a maximum deviation of 6.4%.
In validation experiment, there is no water cooling system surrounding the cylinder, so the temperature change in the real cylinder is not so significant, and the viscosity, which is the key factor in determining the kinetic energy dissipation, also has less change than that in simulation; therefore, the change of α in the experiment is flatter. In the same temperature and pressure, the viscosity for air is larger than that of carbon dioxide, and its change is more dramatic with the variation of the temperature and pressure, so the difference between experiment and simulation is correspondingly larger for air. In general, the simulation results correlate closely with the experimental data; thus, the dynamic simulation model accurately predicted the labyrinth seal leakage rate.
Comparison with the Steady Simulation.
In our previous work, steady simulations were done to study the effects of the structural parameters of the labyrinth cavity [22] . Taking the final leakage flow rate value as the average leakage flow rate in one compression period for the steady simulation, α of the steady and the transient simulations was compared, and when the working medium was air, the rotational speed was 740 r/min, the inlet pressure was 0.1 MPa, and the pressure ratio was 2.5. α for the steady and transient simulations was 28.21% and 12.63%, respectively. e relative deviation between these two cases was 55.23%. In the actual case, the reciprocating piston moved continuously, affecting the leakage flow through the labyrinth seal, and the pressure ratio of the two chambers also changed constantly not keeping the constant value as the theoretical pressure ratio, 2.5.
us, the leakage of the steady simulation was significantly higher than the actual case. Figure 10 shows the pressure in the labyrinth channel and division of the velocity field in the steady simulation [22] . In the transient simulation, when the crank angle was 105°, the piston moved to the middle of the cylinder. e top chamber was the high-pressure chamber and the bottom chamber was the low-pressure chamber, with a pressure ratio of 2.5. Under these conditions, the flow field is comparable to the steady simulation. e pressure field and the velocity field of the transient simulation are as shown in Figures 11 and 12 , respectively. e velocity field in Regions A, B, and C of the steady and transient simulation models is shown in Figure 13 . e velocity and vortex of the velocity in Region A approximate Region B. However, with airflow to Region C and flow through the labyrinth clearance, the velocity for the steady simulation was minimally higher than the transient simulation. A maximum difference of 8% was observed between the steady and the transient simulations.
is deviation was attributed to the movement of the piston preventing leakage flow timely and totally through the labyrinth clearance. e pressure ratio and the pressure difference between the two sides of the labyrinth channel changed all the time in the working process. us, the steady simulation accurately represented the sealing performance under specific pressure ratios. However, the results of the steady simulation were not valid for the complete compression process in the real reciprocating piston compressor. Figure 14 illustrates that with air as the working medium, the relative leakage coefficient increased linearly with an increase in the pressure ratio, ε, at an inlet pressure of 0.1 MPa and 1 MPa. When the pressure ratio increased from 1.5 to 4.0, α increased by approximately 12%. us, an increase of 0.5 in the pressure ratio resulted in a 2.4% increase in α.
Relationship between Leakage and Pressure Ratio.
At a crank angle of 300°, the bottom chamber was compressing air and the top chamber was sucking air, the discharge valve opened, and the pressure in the bottom chamber was the exhaust pressure. e velocity vector field for a pressure ratio of 1.5 and 4.0 with the intake pressure of 0.1 MPa is shown in Figures 15(a) and 15(b) , respectively. As noted in these figures, the high-pressure air leaked to the top chamber through the labyrinth seal, and at an ε of 1.5 and 4.0, the velocity was approximately 10 m/s and 38 m/s, respectively. Higher pressure ratio led to higher leakage velocity, and higher leakage velocity resulted in an increased leakage rate at a constant rotational speed. Increasing the inlet pressure from 0.1 MPa to 1.0 MPa increased α by approximately 12%. Compressed gas will leak along the leakage channel driven by the pressure difference, and the greater the driving force, the larger the gas leakage flow rate. At a constant compression ratio, the pressure difference was higher on both sides of the piston at a higher inlet pressure, so the sealing performance became worse. Figure 16 shows that with ε of 2.5 for air compression when r increased from 500 r/min to 1000 r/min, α decreased by nearly 50%. In this case, each increase of 100 r/min in r caused the relative leakage rate to be reduced by approximately 0.09%. Figures 17(a) -17(c) show the velocity field at a rotational speed of 500 r/min, 800 r/min, and 1000 r/min, respectively, when the piston is at the position with the crank angle of 270°. e piston was moving downward, and the velocity was 3.14 m/s, 5.03 m/s, and 6.28 m/s at 500 r/min, 800 r/m, and 1000 r/min, respectively. e leakage velocity at the outlet of the leak channel was approximately 15 m/s in all cases. e maximum speed difference was 8%, so when the pressure ratio on the two sides kept the same, the leak velocity on the outlet remained almost constant as piston speed varied. However, at increased rotational speeds, the air in the compressor had less leakage time, and that would result in a relatively lower relative leakage coefficient. e curves in Figure 16 illustrate that the decreasing trend in leakage with an increase in rotational speed is gradually becoming insignificant.
Relationship between Leakage and Rotational Speed.
us, the increase in sealing performance as the compressor speed increases would reach a critical value where increasing rotational Mathematical Problems in Engineering speed had an insignificant effect on sealing performance. erefore, when the pressure ratio and the structure of the compressor are defined, there is a limit on the decrease in leakage rate as the rotational speed increases. Figure 18 displays the effect of several working mediums on leakage performance of the labyrinth compressor when ε is 2.5 with 0.1 MPa intake pressure and the rotational speed is 740 r/min. As illustrated in this figure, the relative leakage coefficient from high to low was ammonia, nitrogen, oxygen, propane, propylene, and carbon dioxide. An insignificant variation occurred in the sealing performance of oxygen, propane, propylene, and carbon dioxide.
Relationship between Leakage and Working Medium.
As shown in Figure 18 , the relative leakage gradually decreased as the relative molecular mass increased, so the leakage performance can be predicted by the relative molecular mass of the working medium. However, for the working mediums that had the same relative molecular mass, such as carbon dioxide and C 3 H 8 , the relative leakage for carbon dioxide was less than C 3 H 8 . erefore, the sealing performance was also affected by the viscosity and density of the working medium.
Relationship between Leakage and Clearance Volume.
When ε is 2.5, the intake pressure is 0.1 MPa and the rotational speed is 740 r/min. Figure 19 shows that the relative leakage coefficient remains nearly constant as the clearance volume increases in the reciprocating air compressor. In a compressor clearance volume range of 10% to 20%, the relative leakage was 12% to 14%, demonstrating the negligible effect of the clearance volume on leakage.
Conclusions
By comparing the transient and steady simulation result, it shows that the dynamic simulation is necessary to obtain a realistic leakage flow rate. e leakage calculated by the transient simulation was consistent with the experimental data; therefore, the transient model with multiscale dynamic mesh is reasonable for predicting the real leakage performance in the labyrinth compressor. Based on the results of this investigation, the effects of various parameters are as follows:
(1) Increasing the compression ratio resulted in a linear increase in the relative leakage with a 0.5 increase in ε, increasing α by 2.4%. With a constant compression ratio, the leakage in the high-pressure inlet (1 MPa) compressor was relatively higher (10%) than that in the low-pressure inlet (0.1 MPa) compressor. (2) e relative leakage coefficient sharply decreased as rotational speed increased. Increasing rotational speed from 500 r/min to 1000 r/min resulted in a decrease in relative leakage by approximately 50%. As the rotational speed increased above 1000 r/min, the downtrend of the relative leakage rate became slow. (3) Sealing performance that varied for the working mediums was tested. Gases studied were hydrogen, nitrogen, oxygen, propane, propylene, and carbon dioxide. e poorest sealing performance was with ammonia followed by nitrogen. e other three gases showed a negligible difference in leakage amount. e α decreased as the relative molecular mass increased.
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